Estimates of protein and amino acid requirements in this paper are proposed for healthy elderly people. The estimate of protein requirement was based on nitrogen (N) balance, as well as functional indicators such as immune function or muscle strength. Data suggest that the protein requirement for nitrogen equilibrium in the elderly, is greater than 0.8 gmakg body weightaday. There do not appear to be any adverse consequences with protein intakes that are about 1 gmakg body weightaday. The tentative recommendation in this paper is higher than the current mean recommended intake of protein (FAOaWHOaUNU, 1985) . However, because of methodological dif®culties, the data does not allow for a con®dent prediction of what the exact level of protein intake should be. Further studies are needed to come to a ®rm conclusion on the exact protein requirement. Indispensable amino acid requirements based on nitrogen balance data, in the elderly, are fragmentary and con¯icting. These requirements can alternatively be based on obligatory nitrogen loss, for which data is available in the elderly. The overlap of the obligatory nitrogen loss between the young and the elderly, suggest that the amino acid requirement based on this technique is similar in young and elderly individuals. Tracer based techniques measuring amino acid balance at different amino acid intakes, also support the view that there are no differences in the amino acid requirements between young and elderly people. In general, these amino acid requirement studies have been performed in healthy USA subjects, and data is needed to know if these estimates can be extended to populations from other, less-developed countries. Descriptors: elderly; protein requirements; indispensable amino acid requirement
Introduction
Aging is associated with a decrease in body protein content, which is most obvious in the muscle compartment (Cohn et al, 1980) . The decline in muscle mass (sarcopenia), which is of the order of about 45% from the third to the eighth decade (Cohn et al, 1980) , may be due to suboptimal intakes of protein in the long term (Evans, 1995) . It is possible that the muscle mass in the elderly may be better maintained by the anabolic effect of resistance training (Yarasheski et al, 1993) and an increased intake of protein or amino acids (Volpi et al, 1998) . However, the optimal intake of protein in the elderly is still a subject of some debate, and recommendations range from a protein intake lower than that for young adults to one that is greater (Campbell & Evans, 1996; Campbell et al, 1994) .
The estimates of protein and amino acid requirements in this paper are proposed for healthy elderly people. These requirements are likely to be altered under conditions of stress, such as infection and chronic disease. In addition, socioeconomic factors and the presence of disease may have a far greater in¯uence than age per se in determining the status of protein nutrition in the aged (Watkin, 1957) .
The 1985 FAOaWHOaUNU consultation, which recommended that the intake of protein was similar in elderly and young adults, set the safe level of intake at 0.75 g proteinakgaday, after taking into account the population variability. This report recognized that there was a reduced amount of lean tissue mass in elderly individuals, and that the requirement ®gure proposed, in relation to the lean body mass, was therefore higher in the elderly than in young adults. This increase in protein requirement per kg lean tissue was attributed to a less ef®cient protein utilization.
The methods that may be used to measure the adequacy of protein or amino acid intake are nitrogen (N) balance, and functional indicators such as immune function or muscle strength. Newer techniques for measuring protein requirement are also reviewed.
Short term N balance studies
The estimated requirements for protein in both young and healthy elderly adults have generally been based on either the factorial method, or on short-term (1 ± 3 weeks) nitrogen (N) balance studies. In the factorial method, N losses by various routes (urinary, fecal and miscellaneous) are estimated under conditions of a protein-free diet and the amount of protein needed to balance these losses is taken as the requirement (FAOaWHO, 1973) . In N balance studies, subjects are given different intakes of protein, above and below the level of protein required to sustain a zero nitrogen balance or N equilibrium (Munro, 1983) . The level of protein intake required to maintain N equilibrium is then measured by interpolation.
Nitrogen balance is de®ned as the observed difference between nitrogen intake and output. Nitrogen output is calculated as the sum of the nitrogen contained in urine and feces, and in losses through miscellaneous routes, such as epidermal losses and sweat. The measurement of the N balance is dif®cult, because it represents a relatively small difference in terms of the amount of N consumed and excreted (Young, 1990) . The miscellaneous N loss is particularly dif®cult to measure, and is often assumed to be of the order of 5 ± 8 mgakg body weightaday. measured these losses in sedentary adults, and found that they averaged 500 mgaday, and on average, about 8 mgakg body weightaday. Millward and Roberts (1996) have criticized the use of N balance studies to measure protein requirement in the elderly, because of the propagation of errors in this method. They have suggested that group mean values be used as the primary data to assess N balance. In addition, they have expressed the opinion that the energy intakes of the subjects in most of the studies in the elderly may have been too low, in relation to the physical activity levels (PAL) measured by Roberts (1996) in that same age group. This would mean that the N balances at these energy intakes would have been underestimated. Other potential sources of error include (Millward & Roberts, 1996) the effect of study duration, adaptation and the in¯uence of sarcopenia. The rate of loss of body N due to sarcopenia was estimated to be of the order of 0.5 mgakg body weightaday (Millward & Roberts, 1996) , or about 20 mg Naday in the elderly (Steen et al, 1979) , which would be below the level of detection by N balance studies.
While some of the reviewed data on elderly adults are subject to criticism on methodological grounds, and do not meet the stringent criteria for N balance measurements (Scrimshaw, 1996a) , it is nonetheless still worthwhile to use the studies that have already been performed keeping in mind their limitations (Scrimshaw, 1996b) . The studies that have measured short-term N balance in elderly individuals show con¯icting results (see Table 1 ), because of differences in methodologies used and assumptions made. Zanni et al (1979) studied men over the age of 60 y, and fed them egg protein at 1.34 ± 1.88 times the endogenous N output, which had been earlier measured by giving the subject a protein-free diet for 17 days, along with suf®cient energy to maintain body weight constant. All sources of N loss, including miscellaneous N loss were measured, and it was concluded that the average N requirement for balance was 0.59 g proteinakg body weightaday. However, the N balance during the protein-free diet was also used in the regression analysis of the zero N balance protein requirement, and this would have given rise to error because N retention would have been enhanced during this period (FAOaWHOaUNU, 1985) . The range of protein intakes fed in this study was also small, and it is a requirement of validity of N balance studies (Scrimshaw, 1996a ), that at least one level of intake be fed at or near expected requirement levels. A study by Cheng et al (1978) compared the N balance response to varying intakes of a wheat ± soy-milk source of protein in young and old men (age range 60 ± 73 y). The N output was measured from urinary and fecal losses only, without a miscellaneous loss If protein free period were left out of regression to measure protein intake for N equilibrium, then recalculated protein intake for N equilibrium 0.6 gakg body weightaday.
component. The subjects were fed at three levels of protein intake (0.4, 0.8 and 1.6 g proteinakg body weightaday), and the authors concluded that there were no signi®cant differences between the young and elderly subjects, in protein requirement or ef®ciency of protein use. In the elderly, all subjects were in a negative N balance at a protein intake of 0.4 gakg body weightaday, while four out of the seven subjects studied were in negative balance at the 0.8 g protein intakeakg body weightaday. All subjects were in positive balance at the protein intake of 1.6 gakg body weightaday. Regression analysis of the N balance data on N intake, indicated that an intake of 0.77 g proteinakg body weightaday was required to maintain a zero N balance. Uauy et al (1978a) studied elderly men (age range 68 ± 74 y) and women (age range 71 ± 78 y), and estimated the mean protein requirement for N equilibrium at 0.83 gakg body weightaday. In this study, integumental and miscellaneous losses were assumed to be 5 mgakg body weighta day. In men, the data did not permit the calculation of a reliable protein intake to maintain a zero N balance, but the authors concluded that a protein intake of between 0.7 and 0.85 gakg body weightaday would be suf®cient for N equilibrium in these subjects. One criticism is that the subjects may not have been as healthy as in other studies. Pannemans et al (1995) studied N balance at two intakes of protein (mean protein intake 0.9 and 1.5 gakg body weightaday), in a mixed group of elderly men (age range 65 ± 80 y) and women (age range 63 ± 78 y). The diets were fed for 3 weeks in a crossover design, and N losses were estimated from urine collections over the last 2 days and fecal collection over the last 3 days of the 3-week period. Miscellaneous N losses were assumed to be 8 mgakg body weightaday. The mean N balance at the lower protein intake was À4 mgakg body weightaday and was not statistically different from the N balance of 11 mgakg body weightaday at the higher protein intake. There were also no signi®cant differences between men and women. This study is however limited by the measurement of N balances over just 2 days.
The same group repeated this study in elderly women (mean age 65 y) at protein intakes of 0.81 and 1.25 gakg body weightaday (Pannemans et al, 1997) . The diets were fed for 2 weeks, and N balance was measured over the last 3 days of each period. Corrections of 8 mgakg body weightaday were made for miscellaneous N losses, and the N balance was found to be À40 and 2 mgakg body weightaday at the low and high protein intake, respectively. The difference in N balance was not signi®cant. However, these results differ from those of the previous study by the same authors, since, at reasonably similar low protein intakes, the magnitude of the negative N balance on the lower protein intake was substantially greater.
Two other studies (Castaneda et al, 1995; Campbell et al, 1994) , measured short-term N balance at two levels of protein intake, but were limited by the measurement of each subject's N balance at one level of protein intake only. Castaneda et al studied two groups of six elderly women, who received either 0.45 or 0.92 g proteinakg body weightaday: This study was conducted for 9 weeks, and N balances were measured over 6 days, in week 3 and week 9. The week 3 data which are reviewed here, showed that the mean N balance at the lower protein intake was À1.02 AE 0.14 mgakg body weightaday, while, at the higher protein intake, the balance was positive, and signi®cantly higher, at 0.41 mgakg body weightaday. Interestingly, two subjects completed both the low and high protein intake periods, and showed N balances at the low and high protein intakes of À1.97 and À0.19, and À1.12 and 0.07 mgakg body weightaday, respectively. While these data cannot stand alone, they do indicate the magnitude of the decrease in negative N balance with the higher protein intake. A regression of the N balance on the protein intake was signi®cant (P 0.05, r 2 0.3) and indicated an average protein requirement at zero N balance of 0.7 gakg body weightaday. Campbell et al also studied two different mixed groups of men and women at protein intakes of 0.8 and 1.6 gakg body weightaday. The age range of men and women in this study was between 56 and 80 y. The mean N balances at the lower and higher protein intakes were À4.6 and 13.6 mga kg body weightaday respectively. The authors also regressed the N balance on the protein intakes, and found a mean intake of 1.0 g proteinakg body weightaday was required for N equilibrium.
Finally, there are two studies that measured N balance in subjects on their habitual intakes of protein, and mean N balance was compared with the mean protein intake. N balances were measured in healthy, ambulatory, elderly men (n 7, age range 72 ± 80 y) and women (n 8, age range 71 ± 99 y) with just one protein intake at 0.8 gakg body weightaday (Gersovitz et al, 1982) . In this study, which was conducted over 30 days (see below), data are presented here for the ®rst 10 day period. The mean N balances, measured over the last 5 days of the 10 day period, including a factor of 5 mg Nakg body weightaday as miscellaneous losses, were À7.4 AE 2.3 (s.e.m.) and À0.8 AE 1.9 (s.e.m.) mgakg body weightaday, for men and women respectively. All the male subjects and four of the female subjects were in negative N balance at the end of this period. The authors concluded that the protein intake of 0.8 gakg body weightaday was inadequate to maintain N balance in these subjects. This is supported by another short-term 5-day homebased study, which compared N balances in healthy ambulatory, and housebound elderly subjects (Bunker et al, 1978) . In this study, the healthy subjects, both men (n 11, age range 70 ± 85 y) and women (n 13, age range 70 ± 85 y), were in zero N balance at a mean protein intake of 0.97 mgakg body weightaday. Since these studies measured N balance at only one level of protein intake, one cannot infer the required level, however, they suggest that a protein intake level of 0.8 gakg body weightaday is inadequate for the elderly.
In their review of short-term N balance studies, Campbell & Evans (1996) reanalyzed the N balance data in studies that measured N balance on at least two levels of protein intake and corrected the calculations of the available data so that all the studies were as uniform as possible. These corrections included utilizing a constant factor of 8 mgakg body weightaday for miscellaneous N losses, and a reanalysis of data after removing N balances obtained at zero protein intakes. Excluding the study of Zanni et al (1979) , their conclusion was that all the studies showed that the protein requirement for N equilibrium was greater than 0.8 gakg body weightaday. They also used the data of Zanni et al (1979) , Cheng et al (1978) , Uauy et al (1978a) and Campbell et al (1994) , to calculate a weighted (based on the inverse of the square of the standard errors) mean protein requirement of 0.9 gakg body weightaday for elderly subjects (see Figure 1 ).
In another review of the available N balance data, Millward and Roberts (1996) reassessed the N balance data in terms of methodology and experimental design, such as the protein intakes that subjects consumed, energy intakes, propagation of errors and duration of study among others. Their conclusion was that the protein requirements may have been overestimated in these studies. At present, it is not possible to state with any certainty whether the conclusions of Campbell & Evans (1996) or those of Millward & Roberts (1996) are correct, as each have focused on separate and valid drawbacks of the available short-term N balance studies, according to established guidelines (Scrimshaw, 1996a) . Therefore, alternative methods, or outcomes, must be assessed in trying to reach a conclusion. There is also clearly a need to obtain more data on the protein needs of the elderly in compliance with strict methodological criteria.
The mean N balances from the short term studies (without any correction) obtained at different levels of protein intake are plotted in Figure 2 . These represent all the studies reviewed here, including those that used only one level of protein intake. A weighted (by variance at each level of protein intake) regression of the N balances on the protein intake gives a zero N balance intercept of 0.9 g protein intakeakg body weightaday, with an upper 95% con®dence interval of 1 gakg body weightaday. The estimates of the mean protein requirement for N equilibrium in these studies must be adjusted upward to take into account the variability that would occur in a population. The biological variability in protein requirement has been estimated to be about 12.5%, and therefore, an intake of 25% above the estimated mean requirement is recommended to meet the needs of 95% of the population (FAOaWHOaUNU, 1985) . However, in this review, all references to`mean protein requirement' refer to the average value for a population and not the value to meet the needs of nearly all individuals.
The three studies (Zanni et al, 1979; Cheng et al, 1978; Uauy et al, 1978) which reported individual values of N balance at different protein intakes were also analyzed, after utilizing a uniform method of N balance calculation.
This was done by assuming that the miscellaneous losses in each study were 8 mgakgaday. The data were subjected to a random effects model, where each subject had a slope and intercept. From this, a regression line was constructed and the mean protein intake at the zero N balance intercept was 0.8 gakg body weightaday compared with 0.58 for adults given in the report of the 1985 FAOaWHOaUNU consultation. The upper 95% con®dence interval was 0.9 gakg body weightaday ( Figure 3) . Only three such studies are available, and one cannot assume that the subjects in these studies are representative of all elderly populations. Further short-term studies of the type used to determine the zero nitrogen balance intercept for younger adults are required (Rand et al, 1984) . Uauy et al (1978) and Cheng et al (1978) . The individual data were corrected for a uniform method of N balance estimation, as N balance (mgakg body weightaday) N intake (mgakg body weightaday)ÀN output (mgakg body weightaday); N output urinary fecal miscellaneous N loss. Miscellaneous N loss assumed at 8 mgakg body weightaday. Fixed effects plotted as line of regression with 95% con®dence interval. Figure 1 Reproduced from Campbell & Evans (1996) , with permission. Dietary protein intakes required to produce N equilibrium in elderly subjects. Group mean protein intakes are represented by solid bars, with AE 2 s.e.m. Individual subjects are represented by open circles. The dashed line represents current estimates of protein requirements while the dotted line represents the estimated safe level of intake (0.75 gakg body weighta day).
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Longer-term N balance studies Gersovitz et al (1982) studied elderly men and women at a single protein intake (0.8 g egg proteinakg body weighta day), for a period of 30 days. At the end of the 30 day period, the mean 5 day N balances were measured and were found to be 0.4 AE 3.4 mgakg body weightaday in the men, and À2.3 AE 2.8 mgakg body weightaday in the women (mean AE s.e.m.). When compared with 5 day N balances at the end of the ®rst 10 days in this study (men À7.4 AE 2.3 (s.e.m.) and women À0.8 AE 1.9 (s.e.m.) mgakg body weightaday, see above), the men showed an improvement in their N balance while the women did not. While the improvement in N balance in the males could have been adaptive, three of the original seven subjects were still in negative N balance at the end of 30 days. In comparison, all the subjects were in a negative N balance at the end of the ®rst 10 day period. These data suggest that the requirement for high quality protein in the elderly is greater than 0.8 mgakg body weightaday. The recent study by Castaneda et al (1995) was conducted over 9 weeks, at a low (0.45 g proteinakg body weightaday) and a high (0.92 g proteinakg body weighta day) intake; 6 day N balances were measured at the end of the ®rst 3 weeks (discussed earlier) and the end of the study (9 weeks). At the end of the study, the N balance in the low protein intake group was À0.35 mgakg body weightaday, and in the high protein intake group was 0.09 mgag body weightaday. The N balance in the lower protein intake group changed signi®cantly between the measurements at 3 weeks and 9 weeks, from À1.02 to À0.35 mgakg body weightaday, while, at the higher protein intake, the positive balance at the 3 week time point changed from 0.41 to 0.09 mgakg body weightaday. Regressing the N balances at this timepoint, on the protein intakes, yielded a mean zero N balance protein requirement of 0.7 gakg body weighta day, although the relation was not signi®cant (P b 0.05, r 2 0.2).
The immediate adaptation to a reduced protein intake is a decrease in N excretion, so as to bring the subject into N balance. Adaptation refers to the response of an organism to a dietary change, without adverse consequences (Waterlow, 1985) . This state is maintained as long as the stimulus that evokes it is maintained, and is stable. The objective of the adaptive response to a low protein intake must be to maintain the body's protein mass (Waterlow, 1986) , and to this can be added, its function. It is possible for the body to adapt to low protein intakes by reducing urea losses. Young & Marchini (1990) introduced a new term;`accommodation', or the response of the organism to dietary in¯uence, which, permitting survival also involved the simultaneous loss of function. The loss of lean body mass or muscle may be construed as leading to a loss of function even if it is not measurable.
The low protein intake group of Castaneda et al (1995) showed signi®cant losses in anthropometric measures as well as muscle and immune function at the end of 9 weeks. This clearly constitutes an accommodative response to the low protein intake. In contrast, the high protein intake group showed mean increments in lean tissue as well as immune and muscle function, but these were not statistically signi®cant (Table 2 ). Since the subjects of this group were weight stable and healthy at recruitment, this would mean that they had adapted without signi®cant cost to their previous habitual dietary intakes. No changes were observed in the study of Gersovitz et al (1982) , which was half the duration (about 4 weeks).
In adults, slope-zero intercept measurements in N balance studies include studies at sub-maintenance intakes of protein. Sudden low protein intakes lead to more negative N balances and time must be allowed for adaptation. This has been suggested as one of the possible confounders in assessing the previous studies of protein requirement by the N balance technique in the elderly by Millward & Roberts (1996) . However in extensive multicenter studies, a oneday protein-free diet and ®ve-day equilibration period, followed by a ®ve-day balance period proved adequate to assure adaptation to each level of experimental protein intake (UNUaWHP, 1979; Quevedo et al, 1994) .
Other indicators of the adequacy of protein intake
The adequacy of protein intake can also be assessed by indices other than N balance, such as body weight maintenance, alterations in body composition and measures of organ or system function. The sensitivity of these parameters to protein intake may or may not be adequate to con®dently measure a requirement level of intake, and confounding factors such as energy and micronutrient intake can limit interpretation and reduce the con®dence of prediction of a point value of protein intake. The utility of these measures, at present, is in supporting data from N balance studies at different protein intakes.
Anthropometric changes offer an insight into the adequacy of a particular level of protein intake; however, these changes take some time to become measurably apparent, and require long-term feeding studies. In general, there is a continuous decline in lean body mass throughout life (Forbes & Reina, 1970; Forbes, 1976; Tzankoff & Norris, 1977) , which has been estimated at about 1 kg of lean mass in 5 y, equivalent to about 20 mg N per day (Steen et al, 1979) . The 9 week feeding study by Castaneda et al (1995) , included a detailed analysis of anthropometry, blood biochemistry, skeletal muscle function and immune competence. In the low protein intake (0.45 g proteinakg body Protein and amino acid requirements AV Kurpad and M Vaz weightaday) group, there was no signi®cant change in body weight or total body water. There was however, a signi®-cant decline in body cell mass (inferred from total body potassium), muscle mass (inferred from creatinine), and lean body mass (measured by hydrodensitomentry as well as by dual photon absorptiometry). In contrast, there were no signi®cant changes in any of these parameters in the high protein intake (0.92 gakg body weightaday) group. Of particular interest is that the lean body mass declined signi®cantly by an average of 1.9 kg in the low protein group, and actually increased by a similar amount (mean increase 1.8 kg) in the high protein group, although the latter change was not signi®cant (Table 2) . In another study, where subjects were fed 0.8 g proteinakg body weightaday over 30 days (Gersovitz et al, 1982) , there were no signi®cant reductions in whole body 40 K, urinary creatinine, or body weight, although it is quite likely that changes of this kind would be evident over a 30 day period.
Biochemical indices (Castaneda et al, 1995) , such as serum albumin, total protein, retinol binding protein, transferrin and ferritin, showed no signi®cant change over 9 weeks, in the low protein intake group, while in the high protein intake group, there was a signi®cant increase in serum albumin and total protein. The blood urea nitrogen declined in both groups at the end of 9 weeks feeding. The study by Gersovitz et al (1982) included a variety of biochemical indices during the 30-day N balance study at a protein intake of 0.8 mgakg body weightaday. While serum total protein, albumin, globulins, cholesterol and triglycerides did not show any difference between the beginning and the end of the study, there was a signi®cant difference between baseline and study blood urea nitrogen. The hematocrit decreased signi®cantly in men and women, and hemoglobin was reduced slightly but signi®cantly in both groups.
A comparison of fasting plasma levels of amino acids between elderly and young men and women found that the elderly have signi®cantly lower values in most of the essential amino acids at normal daily nutrient intakes (Rudman et al, 1989; Sarwar et al, 1991; Caballero et al, 1991; Prior et al, 1996) . Hormones affect protein metabolism (Umpleby & Russell-Jones, 1996) , and lower plasma amino acid levels could be due to hormonal changes in the elderly (Rudman, 1985; Deslypere & Vermeuten, 1984) , as well as to a reduced dietary intake of these amino acids. However, a recent study of the amino acid pro®le in elderly women has shown that it is not related to the protein intake when the amino acid composition of the protein is similar (Prior et al, 1996) .
Aging is associated with a decline in immune function (Haeney, 1994) . The critical question is whether nutritional intake can modify this decline in immunity. Improvement in the elderly has been shown with vitamins and trace elements (Chandra, 1992) , and with a general nutrient supplement (Lesourd, 1995) . For delayed cutaneous hypersensitivity in the low protein intake group, the antigen responses were reduced by 50%, and the 24 h induration by 25% (Table 2) , although the latter was not statistically signi®cant (Castaneda et al, 1995) . The high protein intake group showed the opposite effect, an increase by 47% in the number of antigen responses as well as an increase of 26% in the 24 h induration produced. While there were no signi®cant changes in either group in T cell subsets, there were signi®cant increments in IgG, IgM and IgA levels in the high protein intake group.
In a community survey of nearly 700 healthy, free living elderly men and women Munro et al (1987) found that the average intake of protein ranged from 1.02 to 1.06 gakg body weightaday with no differences between men and women. The energy intake was reduced in men with increasing age, but not in women, and was low in both groups at about 23 ± 25 kcalakg body weightaday. However, this was not associated with decreased protein intake, since protein comprised 16 ± 17% of the caloric intake. No evidence of overt protein de®ciency was found, and surprisingly some plasma protein concentrations showed weak inverse correlations with age. A similar weak inverse relationship was also observed for a nutritional index (based on plasma albumin level, triceps skinfold thickness, plasma transferrin level, delayed cutaneous hypesensitivity), and protein intake, although none of these relationships were associated with any clinical effects.
Aging, which is accompanied by a decline in skeletal muscle mass (Cohn et al, 1980) is also associated with a reduction in skeletal muscle strength (Hurley, 1995; Andrews et al, 1996; Bohannon, 1997) , although the latter tends to become evident only in the fourth or ®fth decade. The reduction in skeletal muscle mass has been linked, at least in part, to sub-optimal intakes of protein (Evans, 1995) , and the availability of amino acids is also a factor in determining muscle protein synthesis in the elderly (Volpi et al, 1998) . In younger individuals, chronic undernutrition is associated with a reduction in skeletal muscle mass and hand grip strength (Vaz et al, 1996) . The reduction in muscle strength persists, even when corrected for forearm muscle area. Other factors that may result in reduced muscle function during undernutrition include changes in muscle ®ber type (Henriksson, 1990) and an early degradation of myo®brillar contractile proteins (Brooks et al, 1983; Lowell et al, 1986) . In elderly women, consumption of energy-adequate, protein-de®cient diets resulted in signi®cant decreases in adductor pollicis function, prior to body composition changes (Castaneda et al, 1995) . In another study, Meredith et al (1992) combined a supplementation program (an additional 8 kcal and 0.33 g proteinakg ideal body weightaday) with a 12 week resistance training schedule and showed approximately twice the increase in muscle tissue mass in the supplemented group of subjects, when compared with unsupplemented subjects who were also resistance trained. The gain in muscle strength was similar in the two groups. This would however, need to be further evaluated in a larger number of subjects over a longer period of time. Thus, an adequate protein intake would appear to be vital for the preservation of muscle mass in the elderly. Skeletal muscle function testing, may be a useful functional adjunct to the assessment.
A new approach in assessing the requirement of protein intake in the elderly A novel approach, using 13 C leucine to measure the metabolic demand and ef®ciency of utilization of protein has been recently proposed . This is based on the adaptation to altered protein intake, and on postabsorptive losses re¯ecting habitual protein intake (Millward & Rivers, 1988; Millward & Pacy, 1995) . The principal assumptions are that the 13 C leucine tracer technique yields results that are representative of whole body leucine kinetics, and that values of leucine oxidation and Protein and amino acid requirements AV Kurpad and M Vaz balance can be generalized to whole body protein oxidation and balance (Quevedo et al, 1994; Fereday et al, 1997; Millward et al, 1997) . Leucine oxidation and balance were measured over a 9 h period (see Table 3 ), and three metabolic states were assessed during this period: a preliminary 3-h post-absorptive state, followed by successive 3 h periods of low (protein intake 3% energy intake) and high protein (protein intake 15% energy intake) fed states. The energy intake was kept constant at 1.4 times the RMR, during the study. The model used in this method equated the metabolic demand for protein with twice the cumulative 12 h post-absorptive losses, ie in this case the post absorptive leucine oxidation scaled to 24 hours, and to body protein (by a factor of 3.93 mmol leucineamg N). A useful output from this model is the measurement of the postprandial utilization (PPU) of the meal. This is calculated as the slope of the line relating leucine balance to leucine intake. The requirement for protein is then calculated as the metabolic demand divided by the PPU.
Five free-living elderly men and women were studied (age range 68 ± 91 y), and compared to young men and women . Post absorptive leucine oxidation was lower in the elderly subjects. The metabolic demand was thus lower in these subjects; at 0.52 and 0.58 g proteinakg body weightaday in elderly women and men respectively, compared to 0.83 and 0.90 g proteinakg body weightaday in young women and men respectively. These differences were signi®cant. The difference in actual protein requirement between the age groups remained the same, as the PPU was only slightly lower in the elderly. The mean protein requirement was 0.98 and 0.99 gakg body weightaday in young women and men respectively, and these were signi®cantly higher than the requirements in the elderly, which were 0.71 and 0.66 gakg body weightaday in elderly women and men respectively. While this study appears to indicate that protein requirements in the elderly are lower than in young individuals, there are some methodological issues that need to be discussed in this context.
There are several assumptions in this method. As already discussed Millward et al, 1997) , it is assumed that the metabolic demand will vary with the habitual protein intake, since the metabolic demand (post-absorptive leucine oxidation) has both, ®xed obligatory and variable regulatory components. Over a day of measurement, on any given protein intake, these demands are assumed to remain constant, hence allowing for 24 h metabolic demand to be calculated as twice the post-absorptive oxidation. The prior leucine intake also affects leucine kinetics (El-Khoury et al, 1994a, b) , since the 12 h post-absorptive value of leucine oxidation is dependent on the leucine intake 6 days prior to the measurement. In El-Khoury's studies, prior leucine intakes of 80, 38 and 14 mgakg body weightaday, gave 12 h fasting leucine oxidations of 34.7, 20.9 and 15.0 mgakg body weighta12 h, respectively. In similar studies of Indian subjects (Kurpad et al, 1998; Kurpad & Young, unpublished results), a prior 6 d intake of about 40 or 80 mg leucineakg body weightaday, gave a fasting leucine oxidation of 22.1 and 30 mgakg body weighta12 h, respectively. Similar results of predicted 12 h fasted leucine oxidation with a controlled prior 6 day intake of leucine, were obtained by Marchini et al (1993) . A regression of the fasting leucine oxidation on the leucine intake, from the data above, yields a signi®cant (P`0.005) correlation coef®cient of 0.98 (see Figure 4) . The ®nding of a lower post-absorptive leucine oxidation in the elderly could, therefore, either be due to a true reduction in oxidation due to the effect of aging, or due to differences in the habitual leucine intake between elderly and young subjects. The difference in leucine intake required to produce the observed difference in fasting oxidation would be quite large, of the order of about 40 mgakg body weightaday. Nonetheless, care must be taken in standardizing prior leucine intakes before using fasted oxidation rates to measure metabolic demand for leucine. The protein intake was slightly but not signi®-cantly lower in the elderly group. While the adaptive nature of the metabolic demand for protein has been considered earlier in terms of the habitual protein intake (Quevedo et al, 1994; Millward et al, 1997) , to this must be added the habitual intake of leucine, in studies that measure leucine oxidation.
In studies measuring leucine¯ux and oxidation in the elderly, one study showed either no difference between elderly and young subjects, or a small but not signi®cant decline in basal (post-absorptive) leucine oxidation expressed either per kg body weight, or per kg FFM (Fukagawa et al, 1989) . In another more recent study (Boirie et al, 1997) , young and old subjects received 1.2 g Figure 4 Regression of 12 h fasted leucine oxidation on prior 6 day leucine intake. Data from Marchini et al (1993) ; El-Khoury et al (1994a, b) and Kurpad et al (1998) . r 0.98, P`0.05. Protein and amino acid requirements AV Kurpad and M Vaz proteinakg body weightaday for the 5 days preceding the study. Elderly subjects had a signi®cantly lower leucine oxidation expressed per kg body weight, but not per kg FFM. The elderly men oxidized leucine at about 70% of the rate of young men (expressed per kg body weight), a decline similar to the age-related difference in leucine oxidation observed in the study of Fereday et al (1997) . N balances (Boirie et al, 1997) on this intake of protein were also measured on all 5 days of the controlled diet period and found to be negative, but not signi®cantly so (mean:À12 mgakg body weightaday). The measurement of postprandial protein utilization (PPU) is dependent on measurements of leucine balance by IV 13 C-leucine, at different leucine intakes . The administration of tracer intravenously, and the meal orally, can lead to a ®rst pass extractionaoxidation of meal leucine, which is not`seen' by the IV tracer. This has been considered relatively insigni®cant as earlier studies in young subjects have shown that the ®rst pass oxidation of leucine was of the order of just 2% (Matthews et al, 1993) . A recent study on the splanchnic extraction of leucine, shows that this is increased two fold in elderly subjects (Boirie et al 1997) . The latter study also measured fed state leucine oxidation in three elderly subjects, when the tracer was given either by the oral or by the IV route (Table 4 ). The meal contained about 75 mmol of leucineakg body weightah, which was slightly less than the high protein meal of Fereday et al (1997) . The increment in leucine oxidation in the oral route tracer experiment was about 1.6 that measured in the IV tracer experiment. In these subjects, who were given an oral tracer, the metabolic demand for protein, according to the Fereday model, was 0.6 gakg body weightaday. On the other hand, if the leucine oxidation and balance data from the elderly men of Fereday et al (1997) were recalculated using a factor of 1.6 (see above), the slope (PPU) of the relationship between leucine balance and leucine intake would be 0.8, implying a decreased ef®ciency of utilization. Admittedly, these are crude approximations, and in the latter case, they were obtained by correcting only the high protein fed state estimates from Fereday et al (1997) . Since the protein requirement is calculated as the metabolic demand divided by the PPU, this would lead to higher protein requirements in the elderly than earlier estimated, at about 0.73 gakg body weightaday.
Amino acid requirements of the elderly
The de®nition (Young & El-Khoury, 1995a ) of the requirement for an indispensable amino acid in healthy individuals, is that minimal intake level represented by a single point on a dose-response curve, which when applied to a well-characterized population group can, with some reliability, be predicted to achieve a criterion of adequacy, eg growth performance; target composition of body weight gain; body amino acid balance; measure of organ (liver, muscle) andaor system (immuneadefense, nervous), or a measure of function. Estimates of the dietary intakes necessary to meet the requirements for indispensable amino acids are of crucial signi®cance in formulating sound nutrition and health policies, as well as in assessing and maintaining the health and wellbeing in an individual. International estimates of indispensable amino acid (IAA) requirements in humans at various ages were set out in the 1985 report of the Joint FAOaWHOaUNU Expert Consultation on energy and protein requirements (1985) . These estimates, for pre-school and school-age children and adults, are summarized in Table 5 .
The 1985 WHOaFAOaUNU estimates were based on the N balance approach of Rose (1957) . These studies have been found misleading on several grounds, including (a) an overestimation of N balance and, hence, an underestimation of requirements due to high dietary energy intakes, (b) incomplete measurement of N losses via routes other than feces and urine, and (c) a confounded experimental design (Young & Marchini, 1990; Young, 1987 Young, , 1994 . Another confounding feature of the Rose nitrogen balance studies was that the energy intakes given to the subjects were Number of subjects is 6.
c Number of subjects is 3, since only three subjects were repeated with IV and oral protocols. Protein and amino acid requirements AV Kurpad and M Vaz excessive, potentially leading to an enhanced degree of amino acid economy and, therefore, to apparently lower amino acid requirements. These problems with the interpretation of the nitrogen balance studies, have been reviewed extensively (Young, 1991 (Young, , 1992 Fuller & Garlick, 1994) . Similar studies using the N balance technique, were undertaken by Tuttle et al (1957) , in men between the ages of 52 and 68 years. The subjects were administered amino acid mixtures that were patterned on egg protein, and energy intakes were between 30 and 40 kcalakg body weightaday. The energy intakes were lower than the ones used earlier for younger subjects (Rose, 1957) , but the composition of the amino acid mixture gave quantities of the essential amino acids that were greater than predicted by Rose (1957) . All the subjects in this study went into negative N balance on this diet. This ®nding was also observed in subjects who received egg protein in amounts designed to duplicate the essential amino acid content of the synthetic mixture. The authors concluded that the amino acid requirements for one or more of the essential amino acids were greater in older men. In a follow-up study, the same group attempted to measure the requirements of speci®c amino acids, in this case methionine and lysine (Tuttle et al, 1965) , and found that the intakes of methionine and lysine were higher than the recommended (Rose, 1957) intakes for young men, although this ®nding was not replicated by another group (Watts et al, 1964) .
Overall, it appears that the N balance data for the measurement of amino acid requirements in the elderly are fragmentary and con¯icting.
Recently however, there has been a change in the recommended intake of essential amino acids for all adults, as set out by an FAOaWHO Expert Consultation (1991), which recommended, as an interim measure, that the pattern of requirements in adults be set at that required by the pre-school child. This pattern was, in fact, similar to, and slightly higher than the pattern suggested by Young et al (1989) and which is now known as the`MIT pattern of IAA requirement' (Table 6 ). The need for these tentative new requirements arose from the inadequacies of the Rose approach to measuring IAA requirements. The estimates were so low that they indicated that adults could achieve adequate intakes of IAAs on an exclusively cereal diet. Indeed, with these estimates protein quality appeared to be of little practical consequence for adult human protein nutrition. This decision was reviewed and reaf®rmed by an IDECG workshop in 1994 (Scrimshaw et al, 1996) .
The new IAA requirements estimate the intakes of amino acids necessary to balance the minimum obligatory losses of amino acids as predicted from the composition of mixed body proteins. This pattern was based on the daily obligatory nitrogen loss (ONL), with the assumptions that (a) the ONL was 54 mgakgaday in the adult, (b) that the oxidation pattern of amino acids was in proportion to the pattern of amino acids in a reference body protein, and (c) that the ef®ciency of absorption of the IAA (at requirement level), in humans, was about 70% (Young & El-Khoury, 1995b) .
Obligatory N loss measurements in elderly women (Scrimshaw et al, 1976) were essentially similar to those in young women, and in elderly men too, were similar to those in young men (Uauy et al, 1978b) . In another report, elderly men had lower obligatory N losses in comparison to young men (Bodwell et al, 1979) . The variation and overlap of values of obligatory N loss between age and gender groups, as well as between studies, led the FAOaWHO to use the obligatory N losses in young men as a basis for establishing N and protein requirements in all adult age groups (FAOaWHO, 1973) . Therefore, at requirement levels, it would appear that the calculation of amino acid requirements based on the obligatory N loss in young adults might also be applied to older individuals.
The measurement of IAA requirements, can also be made in terms of the body amino acid balance (ElKhoury et al, 1994b) , and these estimates can be used to validate estimates from the obligatory N loss model. While this technique was earlier criticized for methodological reasons, such as tracer dose, the extrapolation of amino acid oxidation rates from 1 hour to 12 hours, etc (Millward & Rivers, 1988) , the amino acid balance concept has been validated against N loss, for leucine (El-Khoury et al, 1994a). Young and co-workers have used the criterion of amino acid balance to measure the adequacy of IAA requirement, based on a stable isotope tracer technique. This technique is based on the measurement of the irreversible oxidation of tracer labeled test amino acids in a large number of studies (Meguid et al, 1986a, b; Zhao et al, 1986; Meredith et al, 1986; Marchini et al, 1993; Motil et al 1981; Hiramatsu et al, 1994) , and involves correlating the measured oxidation rate with controlled diet studies at different levels of intake of the test amino acid. Measurements of oxidation performed over selected hours of feeding and fasting, appeared to con®rm the general applicability of the proposed requirements, and a comparison of these estimates is presented in Table 6 . Except for the sulfur-containing amino acid requirements, these 13 Cderived estimates are about double the 1985 FAOa WHOaUNU values that are shown for adults in Table 5 .
The amino acid balance technique has been applied recently in the elderly, to study sulfur-containing amino acid requirements (SAA) (Fukagawa et al, 1998) . In these experiments, elderly men and women (mean age 74 y) were studied and no signi®cant gender differences were found. The methionine balance was not signi®cantly different from zero when the total SAA intake was met by methionine at a level of 13 mgakg body weightaday, but not when half or more of this intake was cystine. In young subjects (Hiramatsu et al, 1994) , a similar neutral balance was observed with a methionine intake of 13 mgakg body weightaday. These results indicate a similarity in requirement for methionine with the FAOaWHOaUNU (1985) requirement, which is also similar to the MIT pattern of Tuttle et al (1965) , where methionine requirements were much higher. The methionine¯uxes measured were also similar in young and old subjects (Hiramatsu et al, 1994; Fukagawa et al, 1998) . The fed state methionine oxidation remained similar at different methionine intakes, ie, when methionine provided the entire SAA intake at a level of 13 mga kg body weightaday or when half this intake was replaced by cystine. These results indicate that, in contrast to young subjects (Hiramatsu et al, 1994; Raguso et al, 1997) , the elderly were unable to reduce the fed state oxidation of methionine when half the SAA intake was from cystine ( Table 7) . The measurements of leucine kinetics at adequate intakes of leucine have also indicated that the¯ux was similar in elderly and young subjects (Fukagawa et al, 1989) . Further, there were no differences between young and elderly in muscle protein breakdown measured by leucine kinetics, expressed per unit of fat-free mass (Yarasheski et al, 1993) . Leucine oxidation per unit muscle mass was also not found to be different between young and elderly (Robert et al, 1984) , which contrasts with the ®nding of Fereday et al (1997) of a decreased leucine oxidation for the elderly, even when corrected for FFM. Physiologically, there does not appear to be an age-related difference in the response of leucine metabolism to anabolic substances such as insulin. While the process of aging is associated with a decreasing sensitivity of glucose metabolism to insulin, a similar decline in the response of leucine metabolism has not been observed (Fukagawa et al, 1987 (Fukagawa et al, , 1989 . This lack of difference was also observed with increased amino acid availability, since the response to hyperaminoacidemia was also similar in the elderly and young (Fukagawa et al, 1989) , despite an age-related decline in glucose disposal (Fukagawa et al 1987) . A recent study by Volpi et al (1998) also con®rms that muscle protein synthesis in the elderly is increased as much as in young adults, when amino acid availability is increased.
Plasma levels of the amino acids can be an indicator of amino acid intake, but it is dif®cult to use these values to identify a requirement level (by a break point or in¯ection in plasma levels) for a given amino acid (Waterlow, 1996) . However, studies which measured threonine (Tontisirin et al, 1974) requirements by this method in young and elderly subjects showed that the requirements were similar for both groups, although the requirement level of threonine was similar to the FAOaWHOaUNU (1985) value.
Overall, there does not appear to be a difference in amino acid requirement between young and elderly subjects, in terms of the limited data available. In general, these IAA requirement studies have been performed in healthy USA subjects, and it is important to know if these estimates can be extended to populations from other, less-developed countries. There are few data that can be used to predict whether the indispensable amino acid needs are similar or different among various population groups. A recent study in well nourished Indian adult males (Kurpad et al, 1998) , using the tracer technique, suggests that, the requirements for lysine are similar to those in Western subjects.
Another approach to assessing the similarity (or dissimilarity) of IAA requirements among different populations, is to compare the ONL. Studies of obligatory nitrogen losses in US (Young & Scrimshaw, 1968; Scrimshaw et al, 1972) , Chinese (Huang et al, 1972) , Indian (Gopalan & Narasinga Rao, 1966) , Nigerian (Nicoll & Phillips, 1976; Atinmo et al, 1985) and Japanese men (Inoue et al, 1974) reveal that they are similar. By implication, the dietary requirements for indispensable amino acids, according to the obligatory N loss model, would be similar (Young & El-Khoury, 1995a ).
Conclusion
The data from the N balance studies in conjunction with functional indices of the adequacy of protein intake indicate that the protein requirement of the elderly is no less than that of young subjects. However, the exact level cannot be determined with con®dence because of methodological drawbacks in these studies. The recent data available on amino acid kinetics also do not suggest any age-related difference in requirements of the amino acids studied.
The sarcopenia associated with aging can be reversed to some extent by resistance (Yarasheski et al, 1993) or endurance (Freysennet et al, 1996) training and protein supplementation, and these ®ndings hold promise for the management of the aging process. The evidence of lower plasma amino acid levels in the elderly (Rudman et al, 1989; Prior et al, 1996) suggests a lower intake of protein or amino acids. The data of Volpi et al (1998) also suggest that if the supply of amino acids is adequate, muscle mass can be maintained. These physiological data, along with the data from the N balance experiments, as well as of functional indices, suggest that the protein requirement of elderly individuals is not lower than that of young adults, and that it may be higher. The 13 C labeled leucine approach does suggest a lower protein requirement in the elderly, however, other more recent experiments suggest that there is a greater splanchnic uptake of leucine (Boirie et al, 1997) in the elderly, which could lead to error in the model used.
It is also recognized that institutionalized and bedridden subjects may have a higher protein requirement. Concurrent infections will also affect protein requirements by inducing a variable degree of depletion of body N, dependent on frequency, severity, and nature of the infection. Finally, conditions prevailing in developing countries may also increase requirements because of reduced absorption of 
